Introduction
Prostate Cancer (PCa) is the second most commonly diagnosed solid-state tumor in men worldwide. 1 In Australia, PCa is the most commonly diagnosed cancer, and by 2020, it is expected that 25,000 new cases will be diagnosed each year. 2 In addition to its high prevalence, it is also the second highest killer among Australian men. 3 However, early diagnosis is common because of current screening methods with up to 90% of newly diagnosed cases of PCa being localizedz. 4 There is also a good prognosis for those diagnosed with PCa with a five-year survival of 95%. 5 Although this survival rate is positive, if the disease progresses to the more aggressive androgen-independent disease mean survival drops to 12-24 months. 6 Radiotherapy is commonly used in the treatment and management of PCa, with approximately 60% of diagnosed individuals undergoing either external beam radiotherapy (EBRT) or brachytherapy (BT). 7 In addition to the potential for relapse, these treatments are also accompanied by many unwanted toxicities, with up to 80% of patients suffering acute adverse effects and up to 40% chronic. Radiotherapy is commonly associated with increased bowel frequency, rectal bleeding and pain, skin reactions, urinary frequency, and erectile dysfunction 8, 9 as well as the potential for unfavourable toxicities; approximately one-third to one half of men who undergo radical treatment will experience disease relapse. 10 Owing to the risk of disease recurrence and presence of toxicities, there is a need for new treatments, either as monotherapy or as an adjunct to current therapies.
Several well-designed studies have demonstrated that Cyclooxygenase-2 (COX-2) inhibitors have displayed cytotoxic and antitumor properties. [11] [12] [13] COX-2 is an inducible enzyme that has been implicated in the growth and survival of PCa and has been shown to be over expressed in malignant tumors. 14 This enzyme has been linked to proliferation, invasion, apoptosis, host immune response, and angiogenesis of malignant tumors. 15 In addition to these processes, COX-2 has also been implicated in the development of tumor radioresistance, resulting in reduced efficacy of radiation therapy modalities. 16 Further support for the evidence of the role of COX-2 in the development of tumor radioresistance comes from studies that have demonstrated the ability of COX-2 inhibitors to increase radiosensitivity in lung, breast, colon, and prostate carcinomas. [17] [18] [19] Past studies on patients have investigated the use of celecoxib after radiotherapy or radical prostatectomy, but at a dose of four times that of the standard therapeutic dose. 10, 20 To our knowledge, there have been no human studies investigating the effects of COX-2 inhibitors at standard therapeutic doses.
Therefore, this retrospective human study aims to investigate the ability of COX-2 selective inhibitors, celecoxib and meloxicam, to improve treatment outcomes of EBRT and BT when used at standard therapeutic doses. The primary objective will be to demonstrate a reduced incidence of cancer relapse at two and five years after treatment. Secondary outcomes, PSA velocity, and biochemical relapse rate, will also be used to evaluate the effectiveness of celecoxib and meloxicam.
Method

Participants
Human research ethics was approved by UnitingCare Health Queensland for data collection at their facility (2014.20.126) and approval was gained from the Ethics Committee of Griffith University (PHM/10/14/HREC). Participants were identified through CAS8 database at Genesis Cancer Care in Southport QLD, Australia. An initial screening of the database was conducted, and patients diagnosed with PCa, who received radiotherapy, and who were taking celecoxib or meloxicam during the time of treatment were identified. Patients who had PCa and received radiotherapy but were not taking any COX-2 inhibitors were also identified and were included in the control group. These patients had histologically confirmed adenocarcinoma of the prostate and received radiotherapy between 2004 and 2011. Patients who received radiotherapy after 2011 were not included as this did not allow for the collection of PSA results at five years after treatment. The exclusion criteria included unclear use of celecoxib or meloxicam, use of other COX inhibitors (apart from low-dose aspirin <300 mg daily), evidence of or suspected metastatic disease, previous radical treatment of PCa, evidence other malignant diseases, and insufficient PSA data (absence of PSA data at two or more years after treatment). Participants were allocated to one of three groups (celecoxib, meloxicam, or control) based on the use of COX-2 inhibitors.
All PSA values that could be obtained from the CAS8 database at Genesis Cancer Care were recorded for future analysis. For patients where only limited PSA values were available, pathology records were investigated using the online database of pathology organizations.
A total of 359 patients were screened for inclusion in the study. From this, a final sample population of 171 patients was obtained. The final study population comprised 60 patients in the celecoxib group, 53 in the meloxicam group, and 58 in the control group. There were 56 patients excluded because of no or unclear use of an Non-steroidal antiinflammatory drug (NSAID), 61 excluded because of having metastatic disease at the time of treatment, 46 excluded because of receiving previous radical PCa treatment, 12 excluded because of the presence of other malignancies, and 13 excluded because of insufficient PSA values. The screening process can be visualizedz in Fig. 1 .
Data Collection
Demographic data, including age, Gleason score, cancer stage, the use of androgen deprivation therapy (ADT) and the type of radiotherapy received, were extracted from the CAS8 database and recorded for analysis. In addition to demographic characteristics, PSA levels were extracted and recorded for analysis of the outcomes, which are listed in the following section. PSA values were recorded from diagnosis until 120 months after treatment. If there were missing PSA values in the CAS8 database, the online reporting databases of pathology companies were used to retrieve these missing data points.
Outcomes
The primary outcome measured was the percentage of participants that displayed biochemical failure/relapse at 5 years after treatment. Disease recurrence was defined as the PSA nadir after treatment plus 2 ng/mL. This definition was based upon the Phoenix Consensus Conference definition of disease relapse after radiotherapy. 21 Biochemical failure was also evaluated at 2 years after treatment.
In addition, PSA kinetics were analyzed and compared between the groups. PSA kinetics can be used as a prognostic factor in the determination of risk of cancer relapse after treatment. 22 PSA velocity was used over PSA doubling time, as it is known to be a more accurate predictor for risk of relapse. 23 PSA velocity was determined using the linear regression method, with the inclusion of all PSA values from 3 months after treatment up to the diagnosis of relapse, if relapse did not occur, all available PSA values were included for analysis.
Treatments
Patients were identified based their use of celecoxib or meloxicam. Patients were using these drugs for reasons other than PCa treatment, predominately for osteoarthritis or rheumatoid arthritis, and were not actively treated with these drugs for research purposes. To be included in the study, patients had to be taking therapeutic doses of either celecoxib (100-200 mg daily) or meloxicam (7.5-15 mg daily) during radiotherapy treatment.
All participants received either EBRT or BT. Participants received EBRT by means of intensity-modulated radiation therapy or 3Dconformational radiation therapy. The radiation dose ranged from 70 Gy to 80 Gy, given for more than 35 to 38 fractions. Both lowdose and high-dose patients with BT were included. For BT, a dose of 145 Gy was given.
During the study period, this ADT consisted of treatment with depot injections of a luteinizing hormone-releasing hormone agonist or oral cyproterone. The duration of ADT for individual patients was not available in the patient records; however, standard practice was for participants with intermediate risk to be treated for a six-month duration before radiotherapy, those with high risk PCa continued ADT for another 12 months after radiotherapy, giving a total of 18 months treatment and low-risk participants were not treated with ADT. 
Statistical analysis
All statistical analyses were conducted using the IBM SPSS program, apart from the development of a KaplaneMeier survival curve which was constructed using GraphPad Prism 7.04. For continuous data that was normally distributed a one-way analysis of variance, with relevant post hoc tests, was used to determine statistical significance and for continuous data that was not normally distributed, a KruskaleWallis analysis was used. For discrete data, the Fisher exact test was used.
Results
Patient demographics
Demographic characteristics of the patients were collected, which is shown in Table 1 . Demographic characteristics included age, Gleason score at time of diagnosis, cancer stage at time of diagnosis (using the TNM method of staging), the use of ADT and the type of radiotherapy that was given.
The mean age in the control group was 68.49 (7.21) years, compared with 68.90 (7.60) and 69.23 (6.18) in the celecoxib and meloxicam groups, respectively. No significant difference was found between the groups with respect to age (P ¼ 0.868).
The proportion of tumor biopsy results that had a Gleason score of 8-10, was higher in the control group, 37.9% (n ¼ 22), compared with the celecoxib and meloxicam groups, 33.4% (n ¼ 20) and 34.0% (n ¼ 18), respectively. A Gleason score within this range indicates high-grade, poorly differentiated carcinoma. 24 In addition, the celecoxib group had higher proportion of locally advanced tumors ( Table 2) , 18.0% (n ¼ 9) compared with the control group, 13.8% (n ¼ 8), and the meloxicam group, 11.3% (n ¼ 6). The definition of locally advanced PCa was adopted from the European Association of Urology, defining it as a cancer staging diagnosis of T3 or T4. 25 However, there were no statistically significant differences between the groups with respect to Gleason score (P ¼ 0.908).
Finally, the treatment modalities varied between the three groups. ADT use was found to be higher in the control group, 72.4% (n ¼ 42), compared with the celecoxib and meloxicam groups, 66.7% (n ¼ 40) and 64.2% (n ¼ 34), however these differences were not statistically significant (0.631). Furthermore, the percentage of patients that received EBR alone was similar between the control and celecoxib groups with 72.4% (n ¼ 42) and 83.3% (n ¼ 50), respectively; however, it was much lower in the meloxicam group (P < 0.05) with only 50.9% (n ¼ 27) of patients receiving this treatment modality. The meloxicam group showed the highest use of BT (P < 0.05) with 49.1% (n ¼ 26) of patients receiving either BT alone or BT combined with EBR.
Risk stratification
Demographic data were used to determine risk groups within the treatment samples. Risk stratification followed the risk groups established by the National Comprehensive Cancer Network. 26 Low risk was classified as diagnostic PSA <10 ng/mL, Gleason score of 6, and cancer stage of T1c or T2a. To be defined as intermediate risk, patients had either a diagnostic PSA of 10-20 ng/mL or Gleason score of 7 or cancer stage of T2b. High-risk patients were defined as diagnostic PSA>20 ng/mL or Gleason score of 8-10 or cancer stage of T2c/T3. The risk group can be used to predict a 5-year survival with low-, intermediate-, and high-risk groups having a 5-year survival rate of 85-94%, 68-84%, and 43-67%, respectively. 26 The spread of patients across the three risk groups was relatively similar. The control group had the highest percentage of low-risk patients, 13.8% (n ¼ 8) and the lowest percentage of intermediate-risk patients, 31.0% (n ¼ 18). The percentage of highrisk patients was similar across the three groups with rates of 55.2%, 56.7%, and 54.2% across the control, celecoxib, and meloxicam groups, respectively. No significant difference in risk stratification was found between the groups (P ¼ 0.189).
Biochemical relapse
Relapse rates were analyzed at two and five years after treatment (Table 3) . It was initially aimed to analyze relapse rates at 10 years after treatment; however, only a limited number of PSA values could be obtained at this time point. Relapse was defined as >2 ng/mL PSA rise from the PSA nadir, this was in line with the Phoenix Definition of biochemical relapse. 21 Within two years after treatment, the control group and celecoxib groups had 8.6% (n ¼ 5) and 6.7% (n ¼ 4) of patients reach biochemical relapse, respectively. In contrast, the meloxicam group 19) . The two intervention groups showed similar relapse rates at 18.3% (n ¼ 11) for celecoxib and 18.9% (n ¼ 10) for meloxicam. Fisher' exact test was used to assess statistical significance between the groups at two and five years after treatment. No significant difference was found between the three groups at two years after treatment (P ¼ 0.730). The difference in percentage relapse rates at five years after treatment between the groups were also found to not be statistically significant (P ¼ 0.145).
When stratified based on the type of radiotherapy given, there were no statistically significant differences in relapse rates between the groups at both two and five years after treatment. However, no patients (0%) who received BT displayed relapse at both the twoand five-year time points.
KaplanMeier survival curves (Fig. 2) were used to compare the percentage relapse between the study groups. The results displayed a recurrence-free survival, i.e., no relapse, over time. The curves demonstrated similar recurrence-free survival between the celecoxib and meloxicam groups, and both of these groups showed a higher recurrence-free survival than the control group. To analyze if these differences were statistically significant, a log-rank (Mantel-Cox) test was used. This test found that there were no statistically significant differences in recurrence-free survival between the three groups (P ¼ 0.451).
Time to relapse
In addition to the percentage of patients who had relapsed the time, in months, to relapse was also analyzed ( Table 4 ). This analysis found that the control group had the shortest time to relapse with a mean relapse of 35.53 ± 20.21 months. The celecoxib group was found to have a mean time to relapse of 46.20 ± 31.70 months, and the meloxicam group had a mean time to relapse of 54.15 ± 16.08 months. These results were promising, as they indicated that both celecoxib and meloxicam increased the time to biochemical relapse, with a difference in mean relapse time of 10.67 and 18.62 months, respectively.
A one-way analysis of variance was conducted to determine the statistical significance of the difference. No statistically significant difference in the time to relapse was found between any of the groups (P ¼ 0.097).
When stratified based on the type of radiotherapy given, there were no statistically significant differences in time to biochemical relapse. As no patients who receive BT demonstrated biochemical relapse, a mean time to biochemical relapse could be determined for this group.
PSA velocity
PSA velocity of all patients was analyzed as a secondary outcome ( Table 5 ). Of the three groups, the control was found to have the highest median PSA velocity. Both the celecoxib and meloxicam groups were found to have lower PSA velocities. A KruskaleWallis analysis was conducted to determine the statistical significance of the differences between the three groups. A statistically significant difference was found between the celecoxib group and the control group (P < 0.05) as well as between the meloxicam and control groups (P < 0.05). There was no statistically significant difference found between the celecoxib and meloxicam groups (P ¼ 0.708).
After stratification based on radiotherapy type, no statistically significant differences were observed between the treatment groups. However, the difference in PSA velocity in patients who received EBR was nearing significance (P ¼ 0.051), Table 6 . The mean and median PSA velocities for patients who received BT and BT plus EBR are seen in Table 7 and Table 8 , respectively. The PSA velocity for patients who received EBR and BT plus EBRT was found to be positive whereas for patients who received BT alone displayed a negative PSA velocity.
Discussion
To our knowledge, this is the first study investigating the use of the COX-2 inhibitors, celecoxib and meloxicam, at approved therapeutic doses as an adjunct treatment in patients undergoing radiotherapy for PCa. The primary outcome of this study was the percentage of patients that showed cancer relapse, this was recorded at both two years and five years after treatment. In addition, time to biochemical relapse and PSA velocity were analyzed as secondary outcomes. In this study, it was demonstrated that both celecoxib and meloxicam resulted in a reduced proportion of patients displaying biochemical relapse. At the two-year time point, meloxicam showed the most favorable results with no patients in this group relapsing. The celecoxib group also demonstrated a reduced incidence of PCa relapse compared with the control group. The percentage relapse at five years showed similar promise with both the celecoxib and meloxicam groups being found to have a lower percentage relapse than the control group. These results are of high clinical relevance as the percentage relapse of the control group was almost twice that of the celecoxib and meloxicam group at the five-year mark. This suggests that the risk of relapse in patients taking either celecoxib or meloxicam may be almost half that of those that are not taking either of these drugs. Interestingly, it was discovered that no patients who received BT alone displayed biochemical relapse across all groups. This finding may suggest the BT alone is superior in preventing biochemical relapse to the other treatment modalities; however, only 17 of the total 171 patients receive BT alone.
The secondary outcome, time to biochemical relapse, also showed promising results, with both celecoxib and meloxicam groups extending time to biochemical relapse by approximately 11 and 19 months, respectively, compared with the control group. This translates to an average of 11 and 19 extra months of diagnosed cancer-free life for patients taking celecoxib or meloxicam compared with those not taking these drugs.
The final end point of the study was the difference in PSA velocity between each group, and this end point displayed the most striking results. In the past, PSA monitoring and PSA doubling time have been used as a prognostic tool for the diagnosis of PCa and PCa relapse after treatment, PSA velocity is favored because of its increased specificity in PCa detection. 27 Both celecoxib and meloxicam were found to have a significantly lower median PSA velocity compared with the control group. Adding strength to this finding was that the both the difference between celecoxib and control and meloxicam and control were found to be statistically significant. When the results were stratified based on radiotherapy type, it was found that patients who received BT alone displayed a negative PSA velocity, whereas the other two treatments resulted in positive PSA velocities. This negative PSA velocity translates to PSA levels that were still falling at 5 years after treatment, suggesting that BT alone leads to long-lasting disease control. However, as mentioned previously, the number of patients who received BT alone was small, leading to potential bias in the results. Translating these statistically significant results into a clinically relevant finding, a PSA velocity between 0.35 and 2 ng/mL/year results in a 5.3-to 10-fold increased PCa risk. 27 This correlation between PSA velocity and increased risk was also found to translate in the risk of PCa recurrence after radiotherapy. 28 Of the groups in the study, both the celecoxib and control groups were found to fit within this range. Importantly, the meloxicam group showed an average PSA velocity of 0.197, meaning it fell below the range. This translates into a much lower risk of PCa relapse when a patient is taking meloxicam at the same time as receiving radiotherapy.
Conclusion
Being the first of its kind, this study demonstrated the potential ability of COX-2 inhibitors to influence response to radiotherapy in localizedz patients with PCa. All the end points in the study favored the use of celecoxib or meloxicam, showing high levels of clinical significance. The change in PSA velocity was shown to not only be clinically but also statistically significant between the control and treatment groups.
Conclusions from this work provide an interesting preliminary insight into the role of COX-2 inhibitors as potential adjuncts in radiation treatment of PCa. However, large-scale prospective research with greater patient numbers is required to confirm the findings of this research.
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